Bicuspid aortic valves calcify at a significantly higher rate than normal aortic valves, a process that involves increased inflammation. Because we have previously found that bicuspid aortic valve experience greater stretch, we investigated the potential connection between stretch and inflammation in human aortic valve interstitial cells (AVICs). Microarray, quantitative PCR (qPCR), and protein assays performed on AVICs exposed to cyclic stretch showed that stretch was sufficient to increase expression of interleukin and metalloproteinase family members by more than 1.5-fold. Conditioned media from stretched AVICs was sufficient to activate leukocytes. microRNA sequencing and qPCR experiments demonstrated that miR-148a-3p was repressed in both stretched AVICs (43% repression) and, as a clinical correlate, human bicuspid aortic valves (63% reduction). miR-148a-3p was found to be a novel repressor of IKBKB based on data from qPCR, luciferase, and Western blot experiments. Furthermore, increasing miR-148a-3p levels in AVICs was sufficient to decrease NF-kB (nuclear factor kappa-light-chain-enhancer of activated B cells) signaling and NF-kB target gene expression. Our data demonstrate that stretch-mediated activation of inflammatory pathways is at least partly the result of stretch-repression of miR-148a-3p and a consequent failure to repress IKBKB.
Bicuspid aortic valves calcify at a significantly higher rate than normal aortic valves, a process that involves increased inflammation. Because we have previously found that bicuspid aortic valve experience greater stretch, we investigated the potential connection between stretch and inflammation in human aortic valve interstitial cells (AVICs). Microarray, quantitative PCR (qPCR), and protein assays performed on AVICs exposed to cyclic stretch showed that stretch was sufficient to increase expression of interleukin and metalloproteinase family members by more than 1.5-fold. Conditioned media from stretched AVICs was sufficient to activate leukocytes. microRNA sequencing and qPCR experiments demonstrated that miR-148a-3p was repressed in both stretched AVICs (43% repression) and, as a clinical correlate, human bicuspid aortic valves (63% reduction). miR-148a-3p was found to be a novel repressor of IKBKB based on data from qPCR, luciferase, and Western blot experiments. Furthermore, increasing miR-148a-3p levels in AVICs was sufficient to decrease NF-kB (nuclear factor kappa-light-chain-enhancer of activated B cells) signaling and NF-kB target gene expression. Our data demonstrate that stretch-mediated activation of inflammatory pathways is at least partly the result of stretch-repression of miR-148a-3p and a consequent failure to repress IKBKB. To our knowledge, we are the first to report that cyclic stretch of human AVICs activates inflammatory genes in a tissue-autonomous manner via a microRNA that regulates a central inflammatory pathway.-Patel, V., Carrion, K., Hollands, A., Hinton, A., Gallegos, T., Dyo, J., Sasik, R., Leire, E., Hardiman, G., Mohamed, S. A., Nigam, S., King, C. C., Nizet, V., Nigam V. The stretch responsive microRNA miR-148a-3p is a novel repressor of IKBKB, NF-kB signaling, and inflammatory gene expression in human aortic valve cells. FASEB J. 29, 000-000 (2015). www.fasebj.org Key Words: inflammation • NF-kB • aortic valve calcification • mechanotransduction STRETCH IS A MAJOR BIOMECHANICAL stimulus; a wide variety of cells in the body-such as cardiac, vascular, skeletal, skin, muscle, and gastrointestinal cells-are exposed to stretch. In particular, the response of cells in the heart and blood vessels to stretch is important because they are exposed to stretch every time the heart beats. Although stretch has been shown to activate NF-kB (nuclear factor kappa-lightchain-enhancer of activated B cells) signaling (1, 2) , the mechanism is not understood. MicroRNAs (miRNAs) are small noncoding RNAs (20 to 24 base pairs long) that play important regulatory roles by binding to target mRNAs to promote degradation or block translation of their target mRNAs. One mechanism by which miRNAs can repress NF-kB signaling is by targeting IKBKB, which encodes IkB kinase b (IKKb) (3) (4) (5) . IKKb phosphorylates IkB, resulting in dissociation of IkB from NF-kB that allows NF-kB translocation to the nucleus. NF-kB signaling plays a crucial role in the inflammatory cascade.
The purpose of this study was to determine if exposing human aortic valve interstitial cells (AVICs) to cyclic stretch activates inflammatory pathways and elucidate the mechanisms involved. Aortic valve calcification/stenosis (AVC) is the third leading cause of adult heart disease (6) and the most common form of acquired valvular disease in developed countries (7) . The risk factor most closely linked to calcific aortic stenosis is bicuspid aortic valve (BAV) (7-10) because 64% of calcified aortic valves have BAV morphology (11) . BAVs experience increased stretch compared to normal tricuspid aortic valves every heartbeat (12, 13) . Calcified aortic valves show markers of inflammation such as NF-kB activation (14) , ILs (15, 16) , and metalloproteinases (MMPs) (15, (17) (18) (19) (20) (21) , as well as an influx of inflammatory cells, primarily macrophages and Tlymphocytes (22) (23) (24) (25) (26) .
Here we present evidence that human AVICs exposed to cyclic stretch have significantly increased expression of ILs and MMPs and secrete factors that activate monocytes/ macrophages. Because miRNAs have been implicated in aortic valve disease (27) (28) (29) , we performed miRNA sequencing (miRNA-Seq) to identify stretch responsive miRNAs. Among several differentially expressed miRNAs, we found that miR-148a-3p levels are decreased in stretched AVICs. By performing in silico analysis of our miRNA-Seq data, we identified IKBKB, a key activator of NF-kB signaling, as a putative target of stretch repressed miR-148a-3p. Ectopic expression of miR-148a-3p in AVICs resulted in decreased IKBKB levels, NF-kB signaling, and expression of NF-kB target genes. On the basis of these results, we propose that stretch-induced repression of miR-148a-3p results in increased IKKb levels, NF-kB signaling, and up-regulation of NF-kB target genes such as MMPs and ILs. These data support the hypothesis that AVICs exposed to increased biomechanical stressors can activate inflammatory pathways associated with AVC.
MATERIAL AND METHODS

Exposing human AVICs to cyclic stretch
Human aortic valve leaflets were collected from organ donors whose hearts could not be transplanted under an institutional review board exempt protocol and in accordance with the principles of the Declaration of Helsinki. Human AVICs were cultured according to standard protocols (30, 31) . Cells, from passages 3 to 8, were grown on Collagen-1-coated Bioflex plates (BF-3001C; Flexcell International, Hillsborough, NC, USA). AVICs were exposed to cyclic stretch of 14% at 1 Hz using a Flexcell FX-5000 Tension system (Flexcell International) or static condition, the control condition, for 24 hours at the same time on Bioflex plates.
RNA isolation
RNA was isolated using RNAeasy columns (74104; Qiagen, Venlo, The Netherlands) or Trizol (15596; Invitrogen, Carlsbad, CA, USA) according to the manufacturers' protocols.
Microarray analysis
Using standard protocols, RNA was hybridized to Affymetrix Human Gene 1.0 gene chips. Three samples from each condition were studied. Data analysis was performed using the Genespring GX 11.5 software suite (Agilent, Santa Clara, CA, USA). The data were normalized using robust multiarray averaging and transformed around the median expression of the entire experiment. The static and stretch conditions were compared by a Student's t test with a P value of #0.05 and Benjamini and Hochberg multiple testing correction. A total of 939 probes, representing 780 genes, were found to be significantly different between the 2 conditions. Quantitative PCR (qPCR) analysis cDNA was prepared using Superscript III (Invitrogen). qRT-PCR was performed using TaqMan primers (Applied Biosystems, Foster City, CA, USA) and SYBR Green primers for a panel of calcification-related genes. To calculate relative expression levels, the ΔΔCt method was used, with normalization to glyceraldehyde phosphate dehydrogenase as the endogenous control.
ELISA quantification
ELISA for IL-1b and IL-8 were done in accordance with manufacturers' protocols (R&D Systems, Minneapolis, MN, USA).
THP-1 differentiation
Undifferentiated THP-1 cells (American Type Culture Collection, Manassas, VA, USA) were plated in 24-well plates at 5 3 10 5 cell per well in unconditioned media (M199 + 10% fetal bovine serum) or conditioned media from AVICs. Conditioned media was collected from static AVICs or stretched AVICs. Cell adherence was used as a measure of differentiation of monocytes into macrophages (32) . After 24 hours incubation, plates were washed 3 times with PBS to remove nonadherent cells. Adherent cells were lysed and quantified by total lactate dehydrogenase using the CytoTox 96 NonRadioactive Cytotoxicity Assay kit (Promega, Madison, WI, USA) as per the manufacturer's protocol.
THP-1 activation
THP-1 cells were treated with 50 ng/ml phorbol-12-myristate-13-acetate (PMA) to differentiate into adherent macrophages. The THP-1 cells were cultured in conditioned media from static or stretched AVICs for 24 hours before collecting for RNA analysis.
Small RNA Library Preparation
Total RNA (1 mg) from 6 stretched and 6 static AVIC samples were used for small RNA library preparation using the TruSeq Small RNA protocol (Illumina, San Diego, CA, USA). All RNA was validated using an Agilent Bioanalyzer, and only samples with an RNA integrity number of .8 were used. Illumina adapters were ligated to each end of the RNA molecule, and a reverse transcriptase reaction was used to create single-stranded cDNA. The cDNA was subsequently PCR amplified using a universal primer and a primer containing 1 of 48 Illumina index sequences.
miRNA deep sequencing
The small RNA libraries were loaded onto the Illumina cBot Cluster Station, where they bind to complementary adapter oligos grafted onto a proprietary flow cell substrate. Isothermal amplification of the cDNA construct was carried out creating clonal template clusters of approximately 1000 copies each. The Illumina HiSeq2500 directly sequences the resulting high-density array of template clusters on the flow cell using sequencing by synthesis. Four proprietary fluorescently labeled, reversible terminator nucleotides were utilized to sequence the millions of clusters base by base in parallel.
For deep sequencing reads produced by the Illumina HiSeq2500, low-quality reads were filtered out to exclude those most likely to represent sequencing errors, and adaptor sequences were subsequently trimmed into clean full-length reads formatted into a nonredundant Fasta format. The occurrences of each unique sequence reads were counted as sequence tags (the number of reads for each tag reflects relative expression level); only small RNA sequences of 18 to 30 nt were retained for further analysis.
All unique sequence tags that passed above filters were mapped onto the reference human genome using the Bowtie2 program (33) . The hits were counted using a custom Perl script, then translating the RNA IDs to gene IDs using the National Center for Biotechnology Information database (Bethesda, MD, USA). All counts that came from the same gene under that gene ID were added. The edgeR algorithm implemented under the Bioconductor suite was used to obtain expression levels and significance (P values, q values) (34) .
miRNA-qPCR
miRNA-qPCR was performed using standard techniques and TaqMan primers (Applied Biosystems). U6 was used as the endogenous control. Human diseased bicuspid valves were collected under a protocol approved by the institutional review board at the University Clinic of Schleswig-Holstein, Campus Luebeck, and in accordance with the principles of the Declaration of Helsinki (27) . The control valves were obtained from organ donors whose hearts could not be used for transplantation under a University of California San Diego institutional review board-exempt protocol. RNA was isolated from the valve leaflets with Trizol.
miRNA transfection
AVICs were transfected with either 100 pmol of miR-148a-3p mimic (Invitrogen) or scramble control using Lipofectamine 2000 (27) in 10 cm 2 wells. In the miRNA inhibitor experiments, AVICs were transfected with either 200 pmol of miR-148a-3p inhibitor or scramble control (Invitrogen). Cells were collected for RNA and protein analysis 72 hours after transfection.
Western blot analysis
Western blot analysis was performed using a-IKKb, a-IKBa, and a-phospo-p65 (Cell Signaling Technology, Danvers, MA, USA) primary antibodies at 1:1000 dilution, horseradish peroxidaseconjugated a-rabbit secondary antibody (GE Healthcare Life Sciences, Waukesha, WI, USA) was used at 1:10,000 dilution, and Western blots were developed by chemiluminescence. b-Actin was used as a loading control.
Statistical analysis
The statistical significance of differences between groups was determined with the unpaired t test. P # 0.05 was considered significant. The SEM was calculated and is included in the graphs.
HEK293 cell culture
HEK293 cells were maintained in DMEM (Life Technologies, Carlsbad, CA, USA) containing 10% heat-inactivated fetal bovine serum.
Luciferase assays
The putative target sites from the 39 UTR of the human IKBKB gene were cloned into the 39 UTR of luciferase in the pMIRR-Luc reporter plasmid (Life Technologies). To create each clone, a pair of oligos (synthesized by Valuegene, San Diego, CA) was annealed, phosphorylated, and ligated into the SpeI and HindIII sites of pMIRR-Luc. For the 132-154 site reporter, the following oligos were used: 59CTAGTTCACATGGTGGTTCCTGCTGCA-CTGATGGCCCAA-39, 59-AGCTTTGGGCCATCAGTGCAGCA-GGAACCACCATGTGAA-39. For the mutant 132-154 site reporter, the following oligos were used: 59-CTAGTTCACATGGTGG-TTCCTGCTGCTGAGATGGCCCAA-39, 59-AGCTTTGGGCC-ATCTCAGCAGCAGGAACCACCATGTGAA-39. For the 1281-1303 site reporter, the following oligos were used: 59-CTAGTCTTT-GTGGAGATTCACACTATGCACTGGGAAAGA-39, 59-AGCTTC-TTTCCCAGTGCATAGTGTGAATCTCCACAAAGA-39.
For luciferase reporter assays, HEK293 cells were plated in 12-well plates, and each well was transfected with 2 ml Lipofectamine 2000 (Life Technologies), 75 ng of luciferase plasmid, and 30 ng of cytomegalovirus b-galactosidase vector (for normalization). With each plasmid, either scramble control or hsa-miR-148a-3p mimic (Life Technologies) was also transfected at a final concentration of 50 nM. Cells were collected and assayed 27 to 52 hours after transfection. Results represent 3 to 5 independent experiments for each plasmid. Luciferase assays and b-galactosidase assays were performed as previously described (35) .
Data sharing
The microarray data has been deposited at GEO as GSE47687. The miRNA-Seq raw data is available under GSE49558. The HeLa array data set is available at EBI under E-MTAB-2411. 
RESULTS
Microarray profiling AVICs exposed to cyclic stretch demonstrates increased expression of inflammatory genes
Given that BAVs experience increased biomechanical strain, we examined the role that increased stretch plays in altering gene expression by exposing human AVICs to cyclic stretch in vitro. Cells were exposed to 14% stretch at 1 Hz, which corresponds to a physiologic heart rate of 60 beats per minute. The 14% stretch replicated the pathologic condition in BAVs; static condition was used as the control. Microarray analysis was performed on RNA from stretched and static control AVICs to identify stretch responsive genes in an unbiased manner. Analysis of the profiling data showed that 780 genes, 2.7% of the genes evaluated, were changed by .1.2-fold up or down with cyclic stretch using Benjamini and Hochberg multiple-testingcorrected P values of #0.05. Upon examination of the most up-regulated genes in AVICs by cyclic stretch (Table 1) , we identified genes involved in inflammatory processes that are also found at higher levels in diseased aortic valves, such as MMP-1 and IL-1b (15-21).
Cyclic stretch increases expression of ILs and MMPs
Microarray profiling demonstrated that ILs and MMPs were among the most up-regulated genes in the stretched AVICs. Specifically, microarray data demonstrated that mRNA levels of IL-1a, IL-1b, IL-8, and IL-33 were increased in a statistically significant manner .1.5-fold in stretched samples ( Table 2) . We performed qPCR to validate the changes in IL expression noted on the array (Fig. 1A) . ELISA assays showed that stretched AVICs have elevated levels of IL-1b and IL-8 (Fig. 1B, C) . Our microarray data suggested that several members of the MMP family (MMP-1, MMP-14, MMP-16) were up-regulated by cyclic stretch ( Table 3) . Expression changes of these MMPs were confirmed by qPCR (Fig. 2) .
Conditioned media from stretched AVICs activates monocytes/macrophages
Macrophages are frequently found in regions of AVC (22, 36) . Inflammation genes, such as ILs, have been shown to activate macrophages. Thus, we examined whether the activation of the inflammatory genes by cyclic stretch can modulate activity of macrophages. Conditioned media from stretched AVIC cells was sufficient to induce differentiation of THP-1 monocytes into macrophages as determined by the THP-1 monocytes becoming adherent to tissue culture plates. Lactate dehydrogenase assays were used to quantitate the increased in cell adherence. We observed that conditioned media from static AVIC cells did not significantly induce more monocyte differentiation than unconditioned media, whereas a 10-fold increase (P , 0.01) in differentiation of monocytes was observed when THP-1 cells were grown in conditioned media from stretched AVICs (Fig. 3A) . In addition, we studied the ability of conditioned media from static or stretched AVICs to activate THP-1 macrophages differentiated by PMA treatment. Differentiated THP-1 macrophages were cultured in conditioned media from AVICs exposed to static or cyclic stretch for 24 hours. THP-1 cells exposed to conditioned media from stretched cells showed increased activation, as demonstrated by an increase in expression of IL-1a, IL-1b, and IL-33 (Fig. 3B) .
Identification of Stretch Responsive miRNAs by use of miRNA-Seq
Because miRNAs have been implicated in aortic valve disease (27-29), we performed miRNA-Seq to identify stretch responsive miRNAs in AVICs. We identified 15 miRNAs that were modulated by stretch with a false discovery rate (FDR) of ,0.01 (Table 4) . NF-kB staining is increased in diseased aortic valves (14) , and many of the stretch-activated ILs and MMPs are known NF-kB targets (37-41); therefore, we examined whether any of the stretch-mediated changes in miRNA levels would increase NF-kB signaling. We focused on miR-148a-3p because 7 different miRNA target algorithms (42) (43) (44) (45) (46) (47) (48) predict that miR-148a-3p targets IKBKB. miR-148a levels are decreased in stretched AVICs by 48% (FDR 1.42 3 10
25
) in our miRNA-Seq data (Table 2 ) and 43% (P , 0.05) by qPCR (Fig. 4A) . miR-148a-3p was the 50th most abundant miRNA species in the miRNA-Seq data from AVICs in the static condition. Because BAV leaflets experience increased stretch, we compared miR-148a-3p levels from human BAV and tricuspid aortic valve leaflets to determine if miR-148a is modulated by stretch in vivo. We found that BAVs have 63% less miR-148a-3p (P , 0.05) compared to control aortic valve leaflets (Fig. 4B) . Hence, we demonstrated that miR-148a is repressed by stretch both in vitro and in vivo.
miR-148a represses NF-kB signaling
IKKb, encoded by IKBKB, is a key regulator of NF-kB signaling because IKKb inactivates IkB. IKBKB expression is increased by 47% in stretched AVICs in our microarray data (P = 3.29 3 10
24
) and by 45% qPCR (P , 0.05) (Fig.  4C) . To demonstrate that miR-148a-3p inhibits IKKb and NF-kB signaling, we increased miR-148a-3p levels in AVIC by transfecting these cells with miR-148a-3p mimic. Cells treated with miR-148a mimic have decreased IKBKB mRNA and IKKb protein levels compared to AVICs transfected with scramble control (Fig. 4D, E) . AVICs with higher miR-148a-3p levels have decreased NF-kB signaling as demonstrated by increased IkB protein and decreased phospho-p65 protein levels (Fig. 4E) .
To examine if miR-148a-3p directly targets the 39 UTR of IKBKB, we performed luciferase assays to test whether the in silico data predicted 2 miR-148a-3p binding sites within the 39 UTR of IKBKB (Fig. 4F ) are modulated by miR-148a-3p. The luciferase activity of a construct containing the 132-154 binding site is decreased by miR148a-3p cotransfection, demonstrating that this site is directly targeted by miR-148a-3p. The sequence specificity of the targeting of the 132-154 site is further confirmed by disruption of 3 bases within the seed binding site (bases 147-154), resulting in abrogation of miR-148a-3p repression. The 132-154 site is preferentially targeted because the luciferase activity of the 1281-1303 site construct was minimally reduced by miR148a-3p. (Fig. 4G ). Our findings demonstrate that miR148a-3p is a novel repressor of IKBKB and NF-kB signaling.
miR-148a-3p reduces expression of NF-kB target genes
Because members of the IL and MMP families are known NF-kB targets, we examined if miR-148a-3p represses expression of these ILs and MMPs. AVICs transfected with miR-148a-3p mimic have decreased expression of IL-1a, IL1b, IL-8, MMP-1, MMP-14, and MMP-16 (Fig. 5A, B) . miR148a-3p is sufficient to block/attenuate the stretch activation of IKBKB, IL-1b, IL-8, MMP-1, and MMP-14 (Fig. 5C ). Treatment with miR-148a-3p inhibitor resulted in increased expression of IL-1a, IL-1b, IL-8, IL-33, MMP-1, and MMP-16 ( Fig. 5D, E) , thereby providing further evidence that miR148a represses the expression of key inflammatory genes. In Figure 4 . miR-148a-3p is repressed by stretch and represses both IKBKB and NF-kB signaling. A) qPCR demonstrates that AVICs exposed to cyclic stretch have decreased miR-148a-3p levels. B) Human diseased BAVs leaflets have decreased miR-148a-3p levels, determined by qPCR, compared to tricuspid aortic valves. C) IKBKB mRNA levels are increased in stretched AVICs compared to static controls. *P , 0.05; n = 4. D) IKBKB mRNA levels were decreased by qPCR in miR-148a-3p mimic-treated AVICs compared to scramble controls. AVICs transfected with miR-148a-3p inhibitor did not have increased expression of IKBKB. E) Western blot analysis showing protein levels of IKKb, IkB, and phospho-p-65 after transfection with miR-148a-3p mimic. F) Targetscan miRNA target prediction algorithm predicts 2 miR-148a-3p binding sites in the 39 UTR of IKBKB. G) Luciferase reporters bearing putative miR-148a binding sites were transfected into HEK293 cells. Reporter for the 132-154 site of the IKBKB 39 UTR demonstrated a 35% reduction (P , 0.02) of luciferase when cotransfected with miR-148a-3p. The miR-148a-3p-mediated repression of this site was abrogated when 3 bases in the seed site was mutated. The 1281-1303 site was not significantly repressed by miR-148a-3p mimic, yielding a 12% reduction (P = 0.06); n = 3.
addition, the analysis of gene expression changes in HeLa cells transfected with miR-148a-3p mimic demonstrate that miR-148a-3p modulates genes and gene ontology groups associated with inflammatory response (P = 8.1 3 10
26
) and immune response (4.59 3 10 234 ) (Supplemental Data). These data demonstrate that miR-148a-3p is sufficient to inhibit expression of NF-kB target genes.
DISCUSSION
In this report, we demonstrate that AVICs exposed to cyclic stretch have increased expression of inflammatory genes associated with AVC. Furthermore, the stretched AVICs secrete factors that can activate monocytes/macrophages because conditioned media from stretched AVICs increase adherence and activation of THP-1 cells. Our experimental and bioinfomatic data suggest that stretch repression of miR-148a-3p results in increased expression of inflammatory genes. In contrast to the majority of previous work in AVC, which is focused on genetic and atherosclerosis etiologies, our data provide evidence that the increased strain experienced by AVICs in BAVs is sufficient to activate the inflammatory pathways associated with AVC in a tissue-autonomous manner.
Although it has been shown that calcified aortic valves demonstrate inflammatory changes, to our knowledge, Figure 5 . miR-148a represses expression of inflammatory genes. AVICs were transfected with miR-148a mimic for 72 hours. A) The expression levels of ILs after transfection with miR-148a-3p mimic; n = 6. B) Expression of MMPs after transfection with miR148a-3p mimic; n = 6. C) miR-148a mimic blocks/attenuates the stretch activation of IKBKB, IL-1b, IL-8, MMP-1, and MMP-14. AVICs were transfected with the scramble control or miR-148a-3p mimic 24 hours before being exposed to stretch or static conditions for 24 hours; n = 3. D) Transfection with miR-148a-3p inhibitor results in increased expression of ILs; n = 4. E) miR148a inhibition results in increased expression of MMP-1 and MMP-16-1. Of note, the expression levels of MMP-14 trended toward being increased by miR-148a-3p inhibition (P = 0.06); n = 4. *P , 0.05, #P , 0.005,^P , 0.001. our study is the first to report that exposing AVICs to stretch, similar to that experienced by BAVs, is sufficient to activate IL family member gene expression and monocytes/macrophages. MMP-1, MMP-2, and/or MMP-9 levels are increased in porcine aortic valve leaflets exposed to stretch (49) . Our findings indicate that additional members of the MMP family, MMP-14/16, were increased in human AVICs exposed to cyclic stretch. MMP-14/16 are pro-MMP-2 (50); they are required for the activation of MMP-2, which in turns activates MMP-9. Thus, the increased biomechanical stretch imposed on AVICs in BAVs can activate expression of inflammatory genes.
Others have reported that porcine AVICs exposed to cyclic stretch have decreased expression of inflammatory genes (51) . That study was based on qPCR for 4 genes that were decreased in stretched porcine AVICs: Vcam-1, Mcp-1, and Gm-Csf compared to static controls. Our conclusions were based upon a more comprehensive and unbiased microarray analysis, confirmed by RT-PCR and ELISA, and functional studies showing activation of monocytes/ macrophages using human cells. Therefore, we have concluded that increased stretch of AVICs is sufficient to activate inflammatory pathways in human AVICs in a cell autonomous manner.
For our in vitro studies, we have exposed AVICs to isotropic cyclic stretch 14%. Although human tricuspid aortic valves have a well-organized aortic valve cell orientation, it has been recently reported that human BAVs have disorganized organization (52) . Given this disorganization, isotropic strain is a starting point to examine the stretch responsive molecular pathways in BAV AVICs. Anisotropic strains are an interesting topic to study because we have found that BAVs experience anisotropic strains in ex vivo experiments (13) . In addition, there are interesting data that porcine AVICs have differential responses to anisotropic strain (53). Although we have found BAV leaflets can experience as high as 25% increase in strain (13), a 14% strain for our experiments was used because that was the maximum strain that the Flexcell system could deliver at 1 Hz. Exposing human AVICs to anisotropic strains and different magnitudes of strain has potential to further the understanding of the role that stretch plays in the pathogenesis of BAV calcification.
We have found that miR-148a-3p is decreased both in stretched AVICs and diseased human BAV leaflets. Furthermore, miR-148a-3p targets IKBKB, thereby repressing NF-kB signaling. We have shown that miR-148a-3p targets a site within the 39 UTR of IKBKB. It is interesting to note that we identified a different set of stretch responsive miRNAs than the only previous report profiling stretch responsive miRNAs (54) . This difference is most likely due to the difference between the different cell types examined. Alternatively, it could be due to different profiling modalities that were used. Although 3 other miRNAs have been reported to target IKBKB (3-5), this is the first report to indicate that miR-148a-3p targets IKBKB, thereby repressing NF-kB signaling. The levels of these 3 other miRNAs-mir-199a, -200c, and -218-were not changed in our miRNA-Seq data set. We have demonstrated that stretch represses miR-148a levels both in vitro and in vivo and that miR-148a-3p is a novel repressor of NF-kB signaling.
Our data demonstrate that miR-148a-3p is sufficient and necessary to repress the expression of IL and MMP family members that are known to be NF-kB target genes. In addition, we have found that miR-148a-3p modulates inflammatory genes in microarray analyses (Supplemental Data). Our data demonstrate that miR-148a-3p mimic is sufficient to block or reduce the stretch activation of several inflammatory genes (Fig. 5C ). There are several pieces of data that suggest that stretch modulation of miR-148a-3p is not the sole mechanism by which stretch activates inflammatory pathways. For example, miR-148a-3p mimic does not block the stretch-mediated increased expression of IL-1a and MMP-16. Additionally, conditioned media from AVICs transfected with miR-148a-3p inhibitor was not sufficient to activate THP-1 cells. Potential stretch responsive pathways may include stretch activation of miRNAs such as miR-132, miR-212, and miR-486-3p because these miRNAs may play roles in activating inflammatory pathways (55, 56) . Given our data that miR-148a-3p can repress inflammatory genes and that other miRNAs are in Figure 6 . Model of how stretch activates NF-kB signaling and inflammatory pathways. Black summarizes stretch responsive pathway based on our data. Gray indicates data in context of proposed mechanism by which BAVs develop AVC as the result of mechanical stretch due to their abnormal valve morphology.
clinical trials (57), miR-148a-3p-based treatments have potential as therapeutic modalities for AVC and other diseases that involve increased NF-kB signaling such as autoimmune diseases and cancer.
In conclusion, we have presented evidence that exposing human AVICs to cyclic stretch is sufficient to activate inflammatory pathways in a tissue-autonomous manner. As outlined in Fig. 6 , the stretch-mediated activation involves repression of miR-148a-3p that allows for increased NF-kB signaling and inflammatory gene expression. Our findings suggest increasing miR-148a-3p levels in the aortic valve could be developed into treatment for AVC in individuals with BAVs. More broadly, the data presented here may for the first time help elucidate a mechanism by which a stretch responsive microRNA modulates NF-kB.
